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2In order to produce MACHO-sized black holes, the existence of particle horizons requires that
we study an epoch during which a horizon volume contains at least about one solar mass in mass-
energy. The early universe is characterized by a very high degree of homogeneity and isotropy
of spacetime. Further, any isocurvature uctuations larger than a horizon length are \frozen,"
and those smaller are damped. The only reasonable way to produce PBHs, therefore, must
involve the amplication of pre-existing curvature uctuations (those laid down by ination, for
example) or the creation of such perturbations as a result of phase transitions (PTs). Typical
rst-order PTs, however, nucleate bubbles of the broken phase that are small compared to the
horizon, so they cannot make MACHO-sized black holes. Second-order PTs have even less
spectacular consequences, so we focus on the possibility that a rst-order PT amplies pre-
existing uctations to the point of gravitational collapse into roughly horizon-sized black holes.
Since the mass in the horizon at the QCD epoch is roughly one solar mass, there is a chance
that some horizon volumes will \go down" into MACHO-sized black holes during or just after
the QCD transition (see, for example, Ref. [ 4] for detailed discussions of specic formation
mechanisms).
3. Two constraints on PBH formation
The mechanism of black hole formation had better not be too eÆcient, for energy density
in black holes redshifts like ordinary matter (i.e., more slowly than radiation), and copious
PBH production would make the universe prematurely dominated by non-relativistic matter,
precluding crucial cosmological events like BBN. Another way to state this is that the universe
becomes \overclosed" (i.e., 

PBH




) unless there is at most one PBH formed per 10
7
horizon volumes [ 5]. This is a powerful
constraint on building models of PBH formation.
Another possible constraint involves the manifest breaking of Friedmann{Robertson{Walker
(FRW) symmetry when a PBH forms. Using the previous constraint, we can view the universe
as a lattice of comoving black holes with a lattice separation of at least  215 horizons at the
epoch of formation. The horizon eventually expands to encompass many holes, at which time
they may attract each other and cluster together. Since black holes are the ultimate curvature
uctations, spacetime expands non-uniformly, and the overall Hubble expansion of the universe
is valid only in an averaged sense. In particular, these uctuations eect a \back-reaction" on





observed today (i.e., the
fate of the universe). If the resulting theoretical values disagree signicantly with the current
values, then this is a valid constraint on PBH formation.
The latter constraint is quantitatively calculable using a general relativistic perturbation the-
ory in a suitable gauge but, with minimal perspiration, we can conclude that this eect is utterly
negligible. First, we expect the eect of inhomogeneities on the expansion or age of the universe
to be more signicant during the epoch of matter domination than radiation domination, since
the former lasts much longer than the latter and since nonlinear structures such as galaxies
and clusters may form only during the former epoch. Using a general relativistic analog of
Zel'dovich's pancake approximation for gravitational collapse, Russ and collaborators [ 6] have
calculated the change in the age of the universe due to growing inhomogeneities. They nd that





3on the composition of the dark matter. Therefore, the potential constraint on PBH production
described in the previous paragraph is very weak. To put it another way: the constraint may
become important only when we know the age of the universe to at least three signicant gures.
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